The genus Sulfolobus, a well-known genera in the phylum Crenarchaeota, was first described by Brock et al. [1] . To date, six species have been described with validly published names: Sulfolobus acidocaldarius, Sulfolobus solfataricus, Sulfolobus shibatae, Sulfolobus metallicus, Sulfolobus tokodaii and Sulfolobus yangmingensis [1] [2] [3] [4] [5] [6] . Note that 'Sulfolobus islandicus'-which has been intensively studied with respect to archaeal genetic, genomic and biogeographic features [7] -is also widely known as a member of the genus Sulfolobus, however, it is not validly described (closest relatives are S. solfataricus and S. shibatae). These species belong to the family Sulfolobaceae and are widely distributed in hot, acidic, terrestrial environments worldwide [8] [9] [10] [11] [12] [13] . Although the six species are classified into the same genus, their phylogenetic and phenotypic characteristics diverge greatly. For example, 16S rRNA gene sequences of S. solfataricus and S. shibatae show a similarity of approximately 91 % to that of S. acidocaldarius, type species of the genus Sulfolobus. This value is significantly lower than the highly reliable threshold value for defining prokaryotic genera, 94.5 %, which was recently proposed by Yarza et al. [14] . Also, the utilization of sugars by S. solfataricus and S. shibatae is remarkably different from that of the type species. Lastly, several studies have mentioned the phylogenetic incoherence of the genus Sulfolobus [4, 6, 15] indicating the need for reclassification of this group. Members of the genus Sulfolobus could be divided into four groups based on the 16S and 23S rRNA phylogenies as follows: (1) S. acidocaldarius, (2) S. solfataricus and S. shibatae, (3) S. tokodaii and S. yangmingensis, (4) S. metallicus. However, since every group consists of only one or two species at present, it is difficult to distinguish their phenotypic differences clearly. Thus, additional descriptions of new Sulfolobus-related species might contribute to the clarification of distinct characteristics between the groups and to the reclassification of current Sulfolobus species.
Recently, we isolated strain HS-3 T , which yielded a 16S rRNA gene sequence similarity of approximately 96 % to S. solfataricus and S. shibatae. In this paper, we describe the morphological, biochemical and physiological properties of strain HS-3 T and its accurate phylogenetic position within the family Sulfolobaceae. Based on distinct phenotypic features and a strongly supported monophyletic clade composed of strain HS-3 T , S. solfataricus and S. shibatae, we propose a novel genus and species in the family Sulfolobaceae, Saccharolobus caldissimus for strain HS-3 T , together with the reclassification of S. solfataricus and S. shibatae as the members of genus Saccharolobus.
Strain HS-3
T was isolated from an acidic terrestrial hot spring (68 C, pH 1.4) in Ohwaku-dani, Hakone, Japan (35  14¢ 22 †  N, 139 01¢ 07 † E) by using the ENFE strategy (exploring novel micro-organisms in frozen enrichment cultures). In brief, the procedure comprised (a) multiple enrichment cultures under various conditions, (b) cryostorage of all enrichment cultures, (c) microbial community analyses of the enrichment cultures using 16S rRNA gene sequences, and (d) purification of micro-organisms from frozen enrichment cultures containing previously uncultured micro-organisms (for more details, see reference [16] ). Strain HS-3 T was successfully isolated from a frozen enrichment culture whose cultivation conditions were as follows: an incubation temperature 83 C, pH 6.0, yeast extract 0.01 % (w/v); and a basal medium of modified Brock's basal salt (MBS) [17] . Unless otherwise stated, strain HS-3 T was cultured in MBS medium supplemented with 1.0 g yeast extract l À1 (MBSY).
To determine the optimal pH, strain HS-3 T was cultivated at 85 C. The pH of the medium was set as 1.0-6.5 at intervals of 0.5 pH units. The growth temperature was examined at pH 3.0. The incubation temperature was set at 60-95 C with intervals of 5 C except for 93 C.
The cell morphology of strain HS-3 T was examined by phase contrast microscopy (Axioskop 40; Carl Zeiss) and scanning electron microscopy (JSM-7500F; JEOL) during the exponential growth phase. Colony morphology was examined using an MBSY plate medium (pH 3.0) solidified with 0.7 % (w/v) gellan gum (Wako), 10 mM MgSO 4 [18] , and incubation was performed at 80 C. To evaluate chemolithoautotrophic growth, the MBSV medium (pH 3.0) was used as the basal medium and each of the following substrates was added: 10 g elemental sulfur l À1 , 10 g pyrite (FeS 2 ) l À1 or 10 mM K 2 S 4 O 6 . Growth by the oxidation of hydrogen (Knallgas reaction, [19] ) was also examined by filling the headspace with H 2 /CO 2 /air (80 : 20 : 10, 220 kPa). All the growth tests were basically examined by monitoring the increase in optical density at 600 nm; however, when turbidity was not clearly observed, direct cell counting in a BurnerTurk counting chamber was conducted. SYBR gold cell staining [20] was carried out when pyrite was added to the medium. The cell growth was evaluated based on whether the number of cells (~1Â10 6 T (75 C, pH 3.0) were cultivated in MBSY supplemented with 0.1 % (w/v) glucose. The core lipids of all strains were obtained from approximately 50 mg of wet cells in the stationary phase, following the method of Sugai et al. [21] . Thin-layer chromatography (TLC) of the core lipids was carried out as described previously [22] .
To determine the DNA G+C content, the genomic DNA of strain HS-3 T was extracted as described previously [23] , and analysed at Techno Suruga Laboratory using high-performance liquid chromatography after digestion of the DNA with nuclease P1 [24] in triplicate.
Almost full lengths of 16S and 23S rRNA gene sequences were amplified using the primers A21F (5¢-TTCCGG TTGATCCYGCCGGA) and U1492R (5¢-GGYTACCTT GTTACGACTT), and A1400F (5¢-GTCCCTGCTCCTTGC AC) and 23Sul2877R (5¢-YCRCTTAGATGCTTTCAGCG), respectively, and then sequenced. The sequence similarity of these genes to those of validly published species was calculated using the BLAST program (www.ncbi.nlm.nih.gov/ blast). Phylogenetic analyses of 16S and 23S rRNA gene sequences were conducted using MEGA7 software (Molecular Evolutionary Genetics Analysis, www.megasoftware.net/) [25] . Alignment of the sequences was performed with the MUSCLE program as implemented in MEGA7. A neighbour-joining tree, a maximum-likelihood tree and a minimumevolution tree, including bootstrap probabilities (1000 samplings), were reconstructed with related published species derived from the GenBank database. A similarity matrix was constructed using 16S rRNA gene sequences of validly published Sulfolobus species and the homology search program implemented in the Genetyx version12.0.1 software.
Cells of strain HS-3
T in the exponential phase were irregular cocci with a diameter of 0.8-2.2 µm, and flagella were not observed ( Fig. 1) . Strain HS-3 T formed circular, pale yellow, convex colonies on the MBSY plate medium; however, colony-forming efficiency was quite low. For instance, only a few colonies (10~20) were formed, even though 100 µl of active culture (OD 600 =~0.3, which corresponds to~3Â10 T grew on ferric iron (0.5 mM FeCl 3 ) under anaerobic conditions. To confirm which substrate was utilized as an electron donor, we examined the growth of strain HS-3 T in N 2 headspace (only yeast extract as an electron donor) and in H 2 /CO 2 headspace without yeast extract (only H 2 as an electron donor). As a result, growth occurred in N 2 headspace in the presence of yeast extract but not in H 2 /CO 2 headspace without yeast extract. Thus, strain HS-3 T grew in anaerobic conditions utilizing yeast extract as an electron donor and ferric iron as an electron acceptor. These characteristics were also observed in S. acidocaldarius, S. solfataricus and S. shibatae (Table 2) . Under aerobic conditions, chemolithoautotrophic growth occurred on 10 g pyrite (FeS 2 ) l À1 but not on either of the following substrates: 10 g elemental sulfur l À1 or 10 mM K 2 S 4 O 6 . Growth by the oxidation of hydrogen also did not occur in the presence of H 2 /CO 2 /air (80 : 20 : 10, 220 kPa).
We also re-examined sulfur oxidation capabilities of S. acidocaldarius DSM 639 T , S. solfataricus DSM 1616
T and S. shibatae DSM 5389
T since genomic studies of sulfolobus species have reported that only S. tokodaii encoded sulfur oxygenase in this genus [26, 27] (although genomic information of S. shibatae is not available). Surprisingly, autotrophic growth did not occur in S. acidocaldarius, S. solfataricus and S. shibatae despite they had been described as sulfur oxidizer in its original description [1] [2] [3] . Our observation was consistent with genomic information of S. acidocaldarius DSM 639 T and S. solfataricus DSM 1616
T in which no sulfur oxygenase genes were encoded. In addition, at least three groups have reported that autotrophic growth by sulfur oxidation did not occur in S. acidocaldarius [3, 28, 29] , supporting our result. For S. shibatae DSM 5389 T , whose genomic information is not available, Grogan et al. described that it grew autotrophically on elemental sulfur with the occurrence of sulfate production [3] . However, we had a little doubt about the autotrophic growth, because the medium used in their experiments contained 1 mM sodium citrate (as pH-buffer). Also, the growth of S. shibatae DSM 5389 T on sodium citrate as solo carbon source in the absence of elemental sulfur was not tested in their study. The citrate was possibly utilized as carbon source for its heterotrophic growth. To examine whether the heterotrophic growth occurs, we tested the growth of S. shibatae DSM 5389
T on 1 mM sodium citrate as sole carbon source. As a result, heterotrophic growth occurred (Fig.  S1 , available in the online version of this article). Although we could not explain a possible reason why sulfate production was observed in the study of Grogan et al., taking into account the discussions mentioned above together with our results, we propose that these species -S. acidocaldarius, S. solfataricus and S. shibatae -do not oxidize elemental sulfur autotrophically under aerobic conditions ( T revealed that these strains produced identical core lipids of calditoglycerocaldarchaeol (CGTE) [30] and cardarchaeol (DGTE) [31] (Fig. S2) . The DNA G+C content of Based on the 16S rRNA gene sequence data, the closest species to strain HS-3 T was Sulfolobus solfataricus (96.4 %), followed by S. shibatae (96.2 %) and Sulfurisphaera ohwakuensis (92.8 %). The percentages for the sequence similarities were sufficiently lower than the species threshold value, 98.65 %, proposed by Kim et al. [32] . On the other hand, the closest species based on the 23S rRNA gene sequence was S. solfataricus (92.7 %), followed by S. shibatae (92.0 %) and Acidianus infernus (90.4 %).
Since the topologies of the phylogenetic trees were similar in all cases (the neighbour-joining tree, maximum-likelihood tree and minimum-evolution tree), the final results are presented as a neighbour-joining tree (Figs 2, S3 and S4 for the other trees). Phylogenetic analysis of the 16S rRNA gene sequence clearly showed that strain HS-3 T , S. solfataricus, and S. shibatae formed a strongly supported monophyletic clade with 100 % bootstrap probabilities within the family Sulfolobaceae (Fig. 2) . Phylogenetic analysis of the 23S rRNA gene sequence also supported the clade formed by strain HS-3 T , S. solfataricus, and S. shibatae with 100 % bootstrap probabilities (Fig. 2) .
A similarity matrix showed close relationships between HS-3 T , S. solfataricus, and S. shibatae with 96.2-99.5 % sequence similarities (Table 1) . In contrast, they are distantly related to S. acidocaldarius, S. tokodaii, S. yangmingensis and S. metallicus, with sequence similarities of 86.6-92.8 %. This latter range of values is sufficiently lower than 95 %, the socalled 'lower cut-off window' for genera [33, 34] . Thus, it is reasonable to distinguish HS-3 T , S. solfataricus and S. shibatae from the genus Sulfolobus.
Also, in our opinion, S. tokodaii, S. yangmingensis and S. metallicus should be removed from the genus Sulfolobus due to their lower sequence similarity to the type species S. acidocaldarius, 86.0-93.7 % (Table 1) . However, more information is needed to distinguish these species from the genus Sulfolobus, for example, on the phenotypic features of S. tokodaii (Table 2 ). Attempts to discover new isolates related to these species followed by its characterization would be helpful for their reclassification.
Utilization of sugars by strain HS-3
T was quite similar to that by S. solfataricus and S. shibatae, but dissimilar to that by S. acidocaldarius (Table 2 ). This feature -as well as the growth in facultatively anaerobic, acidic, hyperthermophilic conditions -should be well-conserved within the monophyletic group composed of HS-3 T , S. solfataricus and S. shibatae.
In contrast, the slight difference in substrates utilized in the course of lithotrophic growth was observed within this group (Table 2) . However, these characteristics should not obtain priority in this group classification, since these kinds of differences are often observed in many groups confined as a genus (e.g. autotrophic characteristics of the genus Pyrobaculum [35] ). In a strongly supported monophyletic clade, adequately lower 16S rRNA gene sequence similarities than the 'lower cut-off window' for genera and other well-conserved phenotypic features should be sufficient to accommodate HS-3 T , S. solfataricus and S. shibatae in a genus other than the genus Sulfolobus.
Based on the results and discussion presented above, we propose a new genus and species, Saccharolobus caldissimus gen. nov., sp. nov., as well as two reclassifications, Saccharolobus solfataricus comb. nov. and Saccharolobus shibatae comb. nov. within the family Sulfolobaceae. Note that 'Sulfolobus C, pH 3.0; Sulfolobus acidocaldarius DSM 639 T was incubated at 75 C, pH 3.0. †Values of G+C contents (mol%) were derived from complete genome sequences available in National Centre for Biotechnology Information web site: http://www.ncbi.nlm.nih.gov/genome/browse/. ‡Positive in original description but negative in this study. §The growth was tested previously in our laboratory using MBSV medium supplemented with 5 g elemental sulfur l
À1 at 80 C, pH 2.5.
islandicus' -having close 16S rRNA gene sequence similarities (>99 %) to S. shibatae and S. solfataricus -would be affiliated in the genus Saccharolobus if it becomes valid species.
DESCRIPTION OF SACCHAROLOBUS GEN. NOV.
Saccharolobus (Sac.cha.ro.lo¢bus. Gr. neut. n. saccharon sugar; L. n. lobus lobe; N.L. masc. n. Saccharolobus, a lobed organism that catabolizes sugars). 
DESCRIPTION OF SACCHAROLOBUS SHIBATAE (GROGAN ET AL. 1991) COMB. NOV.
The description of Saccharolobus shibatae is as given previously by Grogan et al. [3] with the following addition: temperature and pH ranges for the growth are 55-86 C, pH 1.5-6.0 (optimum, pH 3.0) respectively. Growth occurs on following complex substrates (peptone, casamino acids). Chemolithotrophic growth occurs weakly on pyrite but not on elemental sulfur and K 2 S 4 O 6 . Anaerobic growth on FeCl 3 occurs in the presence of yeast extract. Growth by the oxidation of hydrogen weakly occurs.
Basonym: Sulfolobus shibatae Grogan et al. [36] .
The type strain is B12 T (=DSM 5389 T and ATCC 51178 T ).
DESCRIPTION OF SACCHAROLOBUS CALDISSIMUS SP. NOV.
Saccharolobus caldissimus (cal.dis¢si.mus. L. masc. adj. caldissimus very hot).
Cells are irregular cocci with a diameter of 0.8-2.2 µm. Grows at 65-93 C (optimum: 85 C), pH 1.5-6.0 (optimum: pH 3.0). Colony forming efficiency is quite low (less than 0.001 %). Heterotrophic growth occurs on following complex substrates (yeast extract, peptone, tryptone, casamino acids) and sugars (starch, sucrose, lactose, maltose, raffinose, D The type strain is HS-3 T (=JCM 32116 T ,=InaCC Ar 80 T ), isolated from an acidic terrestrial hot spring in Ohwakudani, Hakone, Japan. The G+C content is 31.7 mol%.
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